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013.10.0Abstract This paper presents a simple and useful modeling method to acquire a dynamics model
of an aerial vehicle containing unknown parameters using mechanism modeling, and then to design
different identiﬁcation experiments to identify the parameters based on the sources and features of
its unknown parameters. Based on the mathematical model of the aerial vehicle acquired by
modeling and identiﬁcation, a design for the structural parameters of the attitude control system
is carried out, and the results of the attitude control ﬂaps are veriﬁed by simulation experiments
and ﬂight tests of the aerial vehicle. Results of the mathematical simulation and ﬂight tests show
that the mathematical model acquired using parameter identiﬁcation is comparatively accurate
and of clear mechanics, and can be used as the reference and basis for the structural design.
ª 2013 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.Open access under CC BY-NC-ND license.1. Introduction
The ducted fan aerial vehicle is a new kind of single-blade
rotor aircraft which is different from traditional ﬁxed-wing
craft and helicopters. This new kind of aerial vehicle has more
compact architecture and the attitude controls can deal with
more complex ﬂow patterns. From the beginning of the
1990s, many countries have started research in this ﬁeld one
after another, and have developed different ducted aerial vehi-
cles.1,2 Single-blade ducted aerial vehicles have shown great
potential in the military ﬁeld and humanitarian relief. In recent68914332.
.cn (Z. Wang).
orial Committee of CJA.
g by Elsevier
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06years, related research institutions have continuously invested
money in technology research in different ﬁelds, among which
aerodynamic conﬁguration design, airframe structure design,
testing methods and control methods have become the
important ﬁelds.3–6
Ducted fan aerial vehicles are unstable static system. Good
controllability is a precondition for the stable ﬂight of an aerial
vehicle, and the controllability of the aerial vehicle is closely
related to the structural parameters of the vehicle. The precon-
dition for realizing a stable ﬂight is to ﬁnd proper controllabil-
ity conditions for the miniature aerial vehicles, and based on
those conditions to carry out a structural design for the aerial
vehicle. Therefore, it is crucial to ﬁnd a modeling method
which can reﬂect the features of the internal structure of the
vehicle and has comparatively accurate model parameters.
There are two ways to construct a mathematical model for
a system. One is mechanism modeling and the other is system
identiﬁcation modeling. Mechanism modeling can produce a
mathematical model for a ducted aerial vehicle. Based on thisSAA & BUAA.Open access under CC BY-NC-ND license.
1440 Z. Wang et al.traditional methods, Marconi, et al.7 studied a simple ducted
fan micro air vehicle (MAV) based on a single ﬁxed pitch rotor
and four active aerodynamic surfaces and investigated the
dynamical model of this MAV. Naldi, et al.8 provided a non-
linear dynamical model of the system which is able to describe
stationary ﬂight, fast forward ﬂight and the transitions be-
tween the two ﬂight conditions. Ko, et al.9 obtained the model
of the ducted fan vehicles by a kind of modeling software tool
that has been validated through various wind tunnel tests and
ﬂight tests of ducted fan vehicles. However, as the architecture
of such an aerial vehicle is special, the parameters of the model
cannot be obtained accurately using analysis. Using the actual
input and output data of the aerial vehicle, the system
identiﬁcation can produce a mathematical model for the aerial
vehicle. In contrast, this paper aims to present few preliminary
results for acquiring the dynamics model by using experimen-
tal methods. Then, based on the obtained dynamics model, the
method for the structure design of the control surfaces is
carried out.
2. Flight dynamics modeling
2.1. System composition of ducted fan aerial vehicle
This kind of aerial vehicle is composed of three parts, which
are the power system, the attitude control system and the
airframe system, as shown in Fig. 1. The power system in-
cludes the brushless DC motor, the electronic regulator, the
batteries and the ducted propeller. The attitude control system
is composed of two layers of aerodynamic control ﬂaps under
the propeller. These two sets of control ﬂaps are located within
the rotational ﬂow ﬁeld produced by the propeller. The
airframe system includes the ring duct, the equipment cabin
and the supporting structure of the airframe. The ring duct
can isolate the high-speed spinning ducted propeller from the
external environment in order to provide higher security
during the operation. Meanwhile, the specially designed duct
has signiﬁcant augmented lift effect.
2.2. Flight dynamics modeling
The ducted fan aerial vehicle is a special surface symmetry
system. The origin of the coordinate frame set in this paperFig. 1 Structural comoverlaps with the location of the gravity center of the aerial
vehicle. The symmetry planes of the aerial vehicle are xbObzb
and ybObzb, which are shown in Fig. 1 Therefore, the inertia
moment of the aerial vehicle is
Ixy ¼ Ixz ¼ Iyz ¼ 0 ð1Þ
The scalar forms of the corresponding forces and moments are
given, respectively, by
Fx ¼ mð _uþ qw rvÞ
Fy ¼ mð _vþ ru pwÞ
Fz ¼ mð _wþ pv quÞ
8><
>: ð2Þ
L ¼ Ix _pþ qrðIz  IyÞ
M ¼ Iy _qþ rpðIx  IzÞ
N ¼ Iz _rþ pqðIy  IxÞ
8><
>: ð3Þ
where Fx, Fy and Fz are aerodynamic forces in Obxb axis, Obyb
axis and Obzb axis respectively; L, M and N are rolling
moment, pitching moment and yawing moment; u, v and w
are axial velocity, lateral velocity and normal velocity; _u; _v
and _w are rate of axial velocity, rate of lateral velocity and rate
of normal velocity; p, q and r are roll rate, pitch rate and yaw
rate; _p; _q and _r are roll, pitching and yawing angular accelera-
tions; m is the mass.
The dynamics equation of the aerial vehicle can be rewrit-
ten in vector form, shown as
f b ¼
mð _uþ qw rvÞ
mð _vþ ru pwÞ
mð _wþ pv quÞ
2
64
3
75 ð4Þ
sb ¼
Ix _pþ qrðIz  IyÞ
Iy _qþ rpðIx  IzÞ
Iz _rþ pqðIy  IxÞ
2
64
3
75 ð5Þ
where f b and sbare vectors of aerodynamic force and moment
in body axes.
2.2.1. Parameterization of dynamics equation
In the case of hovering or low speed and level ﬂight, the main
forces of the ducted fan aerial vehicle include gravity, thrust
and moment caused by the power system, the controlling forceposition diagram.
Flight dynamics modeling of a small ducted fan aerial vehicle based on parameter identiﬁcation 1441and moment caused by the control ﬂaps, and the spinning
moment caused by a high-speed spinning propeller.10,11 There-
fore, the resultant force and moment of the aerial vehicle are
given, respectively, by
f b ¼ f g þ f r þ f flap
sb ¼ sr þ sflap þ sgero
(
ð6Þ
where fg, fr and fﬂap are gravity , thrust and control force; and
sr, sﬂap and sgero are thrust moment , control moment and spin-
ning moment.
The explanation of the relative parameters is given below:
(1) Gravity
The gravitational force acting on the airplane acts at the
center of mass (the origin point Ob of the body axis), and its
direction is vertical downward. Because the body axis system
is ﬁxed at the center of gravity, the gravitational force will
not produce any moments. Therefore, we must transform the
gravitational force into its body-frame components to give:
f g ¼ mg sin h mg cos h sin/ mg cos h cos/½ T ð7Þ
where h is pitch angle, and / is roll angle.
(2) Thrust and torque of the dynamic system
The thrust of the ducted fan aerial vehicle generated by the
propeller has the same direction as the Ozb axis. Thus the com-
ponents of thrust corresponding to the Oxb and Oyb axes will
be zero. The thrust of the dynamic system in the body axis can
be written
f r ¼ 0 0 Kfn2
 T ð8Þ
where n is rotating speed, and aerodynamic coefﬁcient Kf pro-
duced by thrust fr is the parameter which needs to be identiﬁed.
When the propeller spins about the Ozb axis at high speed,
a moment which makes the vehicle rotate about the Ozb axis
will be produced:
sr ¼ 0 0 Ktn2
 T ð9Þ
where the aerodynamic coefﬁcients Kt produced by torque sr is
the parameter which needs to be identiﬁed.
(3) Aerodynamic forces and moments of the anti-torque
control ﬂaps and the attitude control ﬂaps
Because the anti-torque control ﬂaps use the axial
symmetry system, the aerodynamic forces will only generate
the resultant force corresponding with the Obzb axis:
f a ¼
0
0
4qSaV
2
eðCDad2a þ CDa0Þ
2
64
3
75 ð10Þ
where q the density of the air, Sa the effective lift area of one
anti-torque ﬂap, Ve the relative wind velocity generated by the
propeller, CDa the drag coefﬁcient for a term quadratic in da, da
the angle of the deﬂection of the ﬂaps, and CDa0 the drag coef-
ﬁcient with zero angle of the deﬂection.The aerodynamic forces formed by the reaction torque con-
trol ﬂaps would produce a moment. This moment rotates
about the Ozb axis and deﬁned by
sa ¼
0
0
4qSaV2eðCLada þ CLa0Þda
2
64
3
75 ð11Þ
where CLa0 is the lift coefﬁcients with zero angle of the deﬂec-
tion, CLa the lift coefﬁcient considering a linear dependency of
lift on the angular deﬂection da, and da the distance from the
location of the gravity center to the plane which is decided
by the eight aerodynamic centers.
The attitude control ﬂaps install in the interior of the
ducted fan aerial vehicle, and they are positively under the
reaction torque control ﬂaps. The airfoil is the symmetry one
NACA0012,12,13 and the corresponding aerodynamic forces
and moments are given by
f c ¼
qScV
2
eCLcdc2
qScV2eCLcdc1
qScV
2
e CDc d
2
c1 þ d2c2
 þ CDc0 
2
64
3
75 ð12Þ
sc ¼
qScV
2
eCLcdc2dc
qScV
2
eCLcdc1dc
0
2
64
3
75 ð13Þ
where Sc is the effective lift area of one attitude control ﬂap,
CDc is drag coefﬁcient, CDc0 is zero lift drag coefﬁcient, dc1
and dc2 are the angles of the deﬂections of the pitch control
ﬂaps and roll control ﬂaps respectively, CLc is lift coefﬁcient,
and dc is the distance between the aerodynamic center of the
control ﬂap and the gravity center of the aerial vehicle.
Therefore, the aerodynamic forces and moments caused by
the attitude control ﬂaps of the small ducted fan aerial vehicle
can be written as
f flap ¼ f a þ f c ¼
qScV
2
eCLcdc2
qScV2eCLcdc1
f1 þ f2
2
64
3
75 ð14Þ
sflap ¼ sa þ sc ¼
qScV
2
eCLcdc2dc
qScV
2
eCLcdc1dc
4qSaV2e CLada þ CLa0ð Þda
2
64
3
75 ð15Þ
where
f1 ¼ 4qSaV2e CDad2a þ CDa0
 
f2 ¼ qScV2e CDc d2c1 þ d2c2
 þ CDc0 
(
ð16Þ
(4) Inﬂuence of the spinning moment
The high-speed spinning propeller provides the power for
the small ducted fan aerial vehicle. When the attitudes of the
vehicle change, the effect of the spinning moment will lead to
the coupling phenomenon between the pitch channel and roll
channel. The spinning moment can be expressed as
sgero ¼ Ipxeq Ipxep 0½ T ð17Þ
where Ip is the inertia moment of the propeller with high-
speed, xe is the angular rate of the propeller.
1442 Z. Wang et al.2.2.2. Parameter analysis and classiﬁcation
In accordance with the features and attributes of the parame-
ters, all parameters involved in the above equations are classi-
ﬁed. The results of the classiﬁcation are shown in Table 1.
The structural parameters mainly refer to the mass of the
aerial vehicle, the rotational inertia and relative positions of
the functional components. These parameters are basically
conﬁrmed during the design, and only need to be identiﬁed
and corrected by experiments during the modeling. Aerody-
namic parameters mainly include the aerodynamic coefﬁcients
related to the dynamic system, the reaction torque control
ﬂaps and the attitude control ﬂaps. These parameters should
be identiﬁed by experiment. Both motion parameters and con-
trolling parameters are values involved during the actual ﬂight
tests, and can be obtained by using airborne sensors and
recording devices.Fig. 2 Components and structure diagram.
Fig. 3 Tri-wire pendulum method diagram.3. Identiﬁcation of structural and aerodynamic parameters
3.1. Identiﬁcation of structural parameters
3.1.1. Mass and position parameters
The mass of an aerial vehicle refers to the total mass of all
components, including the vehicle structure, the power equip-
ment, the control system and the batteries. Component masses
and the total mass of the ducted fan aerial vehicle studied by
this paper are shown in Table 2.
Ducted fan aerial vehicles are axial symmetry systems. In
this paper, the center position of the aerial vehicle is conﬁrmed
by a biﬁlar pendulum balance method and adjusted by adjust-
ing the positions of the devices in the cabin. The origin of the
coordinate frame of the ducted fan aerial vehicle is set at the
position of the center of gravity.
In Fig. 2, the length of the arm of the reaction torque ﬂap for
the aerial vehicle equals the distance from the aerodynamic cen-
ter to the axis Obzb of the coordinate frame of the airframe, de-
noted by da. The lengths of the arms of the pitching and rolling
control-ﬂaps equals the distances from the aerodynamic centerTable 1 Parameters in mathematical model.
Parameter type Parameters included
Structure m, Ix, Iy, Iz, Ip, dc, da
Aerodynamic Kf, Kt, CLa, CLa0, CDa, CDa0,
Motion h, /, p, q, r, _p; _q; _r, u, v, w, _u;
Controlling de, da, dc1, dc2
Table 2 Mass distribution of systems.
System name Content
Structure of the aerial vehicle Airframe supporting the structure
Flight control system Attitude measurement unit, circuit
Attitude control system Anti-torque ﬂaps and pitching and
Dynamic system Motor, propeller, electron speed re
Airborne equipment Cameras and wireless communicat
Power source Power batteries and cables.
Total mass Total take-oﬀ mass.to the axisObyb and axisObxb respectively, denoted by dc. Here
da and dc are design values, where da = 0.08 m, dc = 0.2 m.
3.1.2. Rotational inertia
Ducted fan aerial vehicles are axial symmetry systems whose
origins of the coordinate frame of the airframe are set at
the position of the center of gravity. Its inertia moment isEvaluation method
Design and identiﬁcation
CLc, CDc, CDc0 Identiﬁcation
_v; _w Flight measurement
Controlled by input
Mass (kg)
of the vehicle, undercarriage and other structures. 0.794
board of the automatic pilot, connecting lines. 0.261
rolling control ﬂaps. 0.215
gulator. 0.654
ion module. 0.122
0.764
2.81
Table 3 Experimental parameters.
Parameter Value
Mass of the aerial vehicle m (kg) 2.81
Distance from the upper suspension point to the central axis R1 (m) 0.12
Distance from the underside suspension point to the central axis R2 (m) 0.18
Vertical distance of the suspension center H (m) 3.35
Flight dynamics modeling of a small ducted fan aerial vehicle based on parameter identiﬁcation 1443Ixy = Ixz = Iyz = 0. Therefore, the identiﬁcation only involves
the main diagonal of the inertial tensor. That is the identiﬁca-
tion of the rotational inertia. During the experiment, the
tri-wire pendulum method is used to measure the rotational
inertia of the rigid body. The tri-wire pendulum method dia-
gram is shown in Fig. 3.14
According to the law of conservation of energy and the law
of rotation of rigid body, the rotational inertia of the object
rotating around the central axis OO0can be derived as follows:
I ¼ mgR2R1
4p2H
T20 ð18Þ
where R2 the distance from the underside suspension point to
the central axis OO0, R1 the distance from the upper suspen-
sion point to the central axis OO0, H the length of the suspen-
sion wire, T0 the swing period. When the aerial vehicle takes
the simple harmonic motion along OO0 axis, the time for one
complete cycle of any point in the aerial is deﬁned as the swing
period.
At the beginning of the experiment, the aerial vehicle is still,
then it is rotated for 5 along the central axis OO0, and the aer-
ial vehicle is released to make a ﬁxed-axis rotation around the
central axis OO0. The rotation follows the law of simple har-
monic motion. A stopwatch is used to record the time needed
to accomplish 30 swing periods. The experiment is repeated for
5 times along each direction of the axes of the airframe, and all
experimental data are recorded. The results in Table 3 can be
obtained based on the above mentioned identiﬁcation results
and actual measurement.
The experimental data for rotational inertia Iz are shown in
Table 4. The values of Ix and Iy can be obtained by the same
method.Table 4 Experimental data of Iz measurement.
Time 30 swing periods
1 79.7
2 79.3
3 80.1
4 79.0
5 79.6
Mean value 79.7
Table 5 Identiﬁcation results.
Parameter Value
Mass of the aerial vehicle m (kg) 2.81
Arm of the reaction torque ﬂaps da (m) 0.08
Arm of controlling ﬂaps dc (m) 0.20
Rotational inertia of axis Obxb Ix (kgÆm
2) 0.0391
Rotational inertia of axis Obyb Iy (kgÆm
2) 0.0391
Rotational inertia of axis Obzb Iz (kgÆm
2) 0.0304So far, we have completed the identiﬁcation of the struc-
tural parameters. The identiﬁcation results of the structural
parameters are shown in Table 5.
3.2. Identiﬁcation of aerodynamic parameters
3.2.1. Parameter identiﬁcation related to rotor dynamics
The dynamic system of the ducted fan aerial vehicle mainly
contains the motor, the propeller, the electronic speed regula-
tor, and batteries. The thrust output of the dynamic system,
the torque and the slip velocity caused by the propeller are
given, respectively, by
f r ¼ 0 0 Kfn2
 T
sr ¼ 0 0 Ktn2
 T
Ve ¼ Kvn
8><
>: ð19Þ
where Kv is the slip velocity coefﬁcient of the dynamic system.
The parameters Kf, Kt and Kv are to be identiﬁed. Based on
the sources and features of these parameters, a thrust and tor-
que testing platform was designed for the ducted fan aerial
vehicle.15 The schematic diagram is shown as Fig. 4.
Hence, this testing system is composed of an active testing
platform and a ﬁxed platform as shown in Fig. 4. The active plat-
form combines with the ﬁxed one by the cylindrical linear guide
rail. The measured motor and propeller are installed on the ac-
tive platform. During the testing experiment, motor can make
the propeller spin, and apply the pulling force and the torque
to the active platform. At the same time, the pressure sensor
and torque sensor can measure the pulling force and moment
through the cylindrical linear guide rail. The galvanometer, the
anemometer, and the tachometer are all behind the propeller,
and it is convenient to test the current of the motor and measure
the rotating speed and the sliding speed of the propeller timely.
This testing system integrates many types of measuring sensors,
including the pressure sensor, the torque sensor, the anemometer
and the tachometer. The experimental apparatus for testing the
dynamic system is shown in Fig. 5.
The data for the testing of the dynamic system are recorded
in Table 6.Fig. 4 Multiple-sensor testing platform.
Fig. 5 Testing experiment of dynamic system.
1444 Z. Wang et al.Data ﬁtting is conducted for the testing results. The ﬁtting
results are as follows:
(a) Data ﬁtting result of the throttle control and the rotat-
ing speed
n ¼ 1 104ðet  1:05Þwhere et is the time of high level for pulse width modulation
(PWM) signal. Here, the motor is controlled by PWM signal.
(b) Data ﬁtting result of the thrust and the rotating speed
Fzb ¼ 5:97 108n2i.e. the aerodynamic parameter is
Kf ¼ 5:97 108
(c) Data ﬁtting result of the torque and the rotating speed
szb ¼ 7:6 109n2i.e. the aerodynamic parameter is
Kt ¼ 7:6 109
(d) Data ﬁtting result of slip velocity and the rotating speed
Ve ¼ 2:17 103nFig. 6 Finite element simulation experiment of the attitude
control ﬂaps.where Ve is measured by the anemometer which is set behind
the propeller, i.e. the aerodynamic parameter is
Kv ¼ 2:17 103Table 6 Testing results of dynamic system.
Time (ms) Rotating speed (r/min) Thrust
1.1 430 0.4
1.2 1438 2.1
1.3 2538 4.6
1.4 3559 8.2
1.5 4572 13.1
1.6 5642 18.3
1.7 6750 26.1
1.8 7590 33.2
1.9 8230 40.23.2.2. Parameter identiﬁcation for drag and lift
The attitude control ﬂaps of the ducted fan aerial vehicle are
located within the ﬂow ﬁeld of the wake ﬂow caused by the
propeller in the duct. Due to the ring effect of the duct, the
features of the ﬂow ﬁeld within the duct are clearly different
from that of an open ﬂow ﬁeld. Therefore, the parameters
for traditional airfoil vehicles, such as the lift coefﬁcient and
the drag coefﬁcient, are not applicable in this situation, and
the parameter identiﬁcation needs to be re-conducted.
(1) Conditions for aerodynamic parameter identiﬁcation
This study adopts the method of ﬁnite element simulation
to conduct a simulation analysis on the aerodynamic features
of the duct control ﬂaps. A momentum source with the same
diameter as the propeller is used as the source of thrust, and
the attitude control ﬂaps of the simulation model are set the
same as that of the practical model of the aerial vehicle in or-
der to reﬂect accurately the aerodynamic features of the two
layers of the attitude control ﬂaps.16 The simulation experi-
mental results are presented in Fig. 6.
The main parameters of the simulation experiment and the
parameter setting methods are as follows:
(a) The sizes of the reaction torque ﬂaps and the pitching
and rolling control ﬂaps are preset in accordance with
the originally designed value, Sa = 0.0096 m
2 and
Sc = 0.01 m
2, respectively.
(b) In case of hovering and low-speed level ﬂight, the value
of thrust can be considered to be equal to the total
mass of the aerial vehicle, that is 2.81 kg, and in this
situation, the wind speed in the ﬂow ﬁeld within the duct
is 16.7 m/s.(N) Torque (Nm) Wind speed (m/s)
0.010 2.3
0.025 4.7
0.057 6.9
0.105 9.1
0.141 10.8
0.215 13.4
0.302 16.1
0.391 18.1
0.483 19.2
Table 7 Simulation experiments of attitude control ﬂaps.
Deﬂection angle of the control ﬂap Forces of pitching and rolling control ﬂaps (N) Forces of reaction torque ﬂaps (N)
Lift Drag Lift Drag (102)
0 0.017 0.121 0.216 0.306
2 0.305 0.141 0.221 0.311
4 0.583 0.161 0.219 0.308
6 0.793 0.214 0.213 0.310
8 1.155 0.249 0.226 0.313
10 1.392 0.355 0.218 0.321
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requires that when the angle of deﬂection equals 0,
the life can exactly overcome the spin torque of the
dynamic system. The reaction torque ﬂaps are symmet-
rically designed, and the force situations are all the
same. Experiments will be carried out to examine the
force situation of only one of the ﬂaps.
(d) The pitching and rolling control ﬂaps are symmetric air-
foils. Their lift and drag have nothing to do with the
direction but with the angle of the deﬂection of the ﬂaps.
Experiments will be carried out to analyze the force sit-
uations of one pitching and rolling ﬂap at the angle of
the deﬂection at 0, 2, 4, 6, 8, 10.
Data of the simulation experiments are shown in Table 7.
(2) Identiﬁcation results of the aerodynamic parameters of
the reaction torque ﬂaps
As indicated in paragraph (c), the ideal angle of deﬂection
of the reaction torque ﬂaps is 0. In this circumstance, the lift
on the control surface is expected to exactly overcome the spin
torque of the dynamic system of the aerial vehicle. After carry-
ing out testing on the dynamic system of the aerial vehicle, it
can be found that the lift La provided equals 0.219 N, and
the drag Da equals 0.312 N. The equations of the aerodynamic
lift and drag provided by the reaction torque ﬂaps are given,
respectively, by
La ¼ 1
2
qSaV
2
e CLada þ CLa0ð Þ
Da ¼ 1
2
qSaV
2
e CDada þ CDa0ð Þ
8><
>: ð20Þ
where the parameter values are as follows: q= 1.205 kg/m2,
Sa = 0.0096m
2, and Ve = 16.7 m/s.
Substitute all parameter values into the lift and drag calcu-
lating Eq. (20) to ﬁnd that
0:219 ¼ 1
2
 1:205 0:0096 16:72CLa0
0:312 ¼ 1
2
 1:205 0:0096 16:72CDa0
8><
>:
Solve the above equation to get the lift coefﬁcient and the drag
coefﬁcient when the angle of deﬂection of the reaction torque
ﬂaps is zero. The results are as follows:
CLa0 ¼ 0:1358;CDa0 ¼ 0:0323
(3) Identiﬁcation results for the aerodynamic parameters of
the pitching and rolling control ﬂapsThe airfoil proﬁles and sizes of the four pitching and rolling
ﬂaps are the same. During the simulation experiments, we only
need to examine the force situation of one control ﬂap. The
aerodynamic lift on the surface of the control ﬂap can be
obtained by using the ﬁnite element simulation method. Data
ﬁtting for the aerodynamic lift leads to
Lc ¼ 0:1432dc þ 0:0005 ð21Þ
Therefore, the expression of the aerodynamic lift of the control
ﬂap is as follows:
Lc ¼ 1
2
qScV
2
eCLcdc ð22Þ
in which,
q ¼ 1:205 kg=m2
Sc ¼ 0:01 m2
Ve ¼ 16:7 m=s
8><
>:
Join the data ﬁtting Eq. (21) with the lift Eq. (22) to get
1
2
qScV
2
eCLcdc ¼ 0:1432dc
That is to say:
CLc ¼ 8:5 102
By the same procedure, coefﬁcients related to drag can be calculated:
CDc ¼ 1:3 103
CDc0 ¼ 7:47 102
So far, the identiﬁcation of aerodynamic parameters has
basically been completed. The identiﬁcation results of the aero-
dynamic parameters are presented in Table 8.
3.2.3. Dynamic model discussion
(1) Overall dynamic equation
The above parameters are substituted into the dynamics
Eq. (5) to obtain the following ﬂight dynamics model for
single-blade ducted aerial vehicles:
mg sin hþ qScV2eCLcdc2
mg cos h sin/ qScV2eCLcdc1
mg cos h cos/ Kfn2þ4qSaV2e CDad2a þ CDa0
 þ
qScV
2
e CDc d
2
c1 þ d2c2
 þ CDc0 
2
66664
3
77775
¼
mð _uþ qw rvÞ
mð _vþ ru pwÞ
mð _wþ pv quÞ
2
64
3
75
ð23Þ
Table 8 Identiﬁcation results.
Parameter Value
Thrust coeﬃcient of the propeller Kf 5.97 · 108
Torque coeﬃcient of the propeller Kt 7.6 · 109
Coeﬃcient of the slip velocity Kv 2.7 · 103
Lift coeﬃcient of the anti-torque ﬂap at 0 deﬂection CLa0 1.358 · 101
Drag coeﬃcient of the anti-torque ﬂap at 0 deﬂection CDa0 3.23 · 102
Lift coeﬃcient of the control ﬂap CLc 8.5 · 102
Drag coeﬃcient of the control ﬂap CDc 1.3 · 103
Drag coeﬃcient of the control ﬂap at 0 deﬂection CDc0 7.47 · 102
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2
eCLcdc2dc  Ipxeq
qScV
2
eCLcdc1dc þ Ipxep
Ktn
2  4qSaV2e CLada þ CLa0ð Þda
2
64
3
75 ¼
Ix _pþ qrðIz  IyÞ
Iy _qþ rpðIx  IzÞ
Iz _rþ pqðIy  IxÞ
2
64
3
75
ð24Þ
(2) Attitude control model
The paper is mainly about the attitude model of the ducted
fan aerial vehicle, and gives the relevant designs of the control
ﬂaps. The dynamic equations of the pitch and roll attitude
loop are as
L ¼ Ix _pþ qrðIz  IyÞ
M ¼ Iy _qþ rpðIx  IzÞ

ð25Þ
According to Eq. (24), the corresponding aerodynamic mo-
ments can be derived as
L ¼ qScV2eCLcdc2dc  Ipxeq
M ¼ qScV2eCLcdc1dc þ Ipxep
(
ð26Þ
In applying the assumption of the small-disturbance theory,
Eq. (25) can be simpliﬁed:
DL ¼ oL
on
Dnþ oL
odc2
Ddc2 þ oLoq Dq
DM ¼ oM
on
Dnþ oM
odc1
Ddc1 þ oLop Dp
8><
>: ð27Þ
where DL and DM are changes of rolling moment and pitching
moment; Dp and Dq are state variables, denoting the angular
rates of the pitching and rolling of the aerial vehicle respec-
tively, Ddc1 and Ddc2 are control variables, denoting the angles
of deﬂection of the control ﬂaps in the pitching and rolling
directions; and Dn is the change of propeller speed.
Substitute the results of the identiﬁed parameters into Eq.
(27), we can get
oL
on
¼ oM
on
¼ 0
oL
odc2
¼ oM
odc1
¼ 12:05dcSc
oL
oq
¼ oM
op
¼ 2:36
8>>>><
>>>:
ð28Þ
Thus, the dynamic equations of the attitude control loop
can be obtained as
2:41ScDdc2 þ 2:36Dq ¼ IxD _p
2:41ScDdc1 þ 2:36Dp ¼ IyD _q

ð29Þ
Based on Eq. (29), what the paper researched next is about
the design of the control ﬂaps.4. Completion of the design for the control ﬂaps using the model
obtained based on the identiﬁcation
4.1. Design for control ﬂaps
The effective lift surface area Sc and the length of the arm of
the acting force dc of the control ﬂaps need to be conﬁrmed.
These are also the design variables of the design of the control
ﬂaps. The structural and aerodynamic parameters obtained in
Section 3 are substituted into Eq. (29), the ﬂight dynamics
model of the aerial vehicle in Section 2, and then the method
of small disturbance and linearization is used to obtain the
following state space expression of the ducted aerial vehicle:
D _p
D _q
 
¼ 0 1:05
1:05 0
 
Dp
Dq
 
þ
0 308:18dcSc
308:18dcSc 0
 
Ddc1
Ddc2
  ð30Þ
where Dp and Dq are system state variables, denoting, respec-
tively, the angular velocities of the pitching and rolling of the
aerial vehicle. Ddc1 and Ddc2 are controlled by the system,
denoting the angles of deﬂection of the control ﬂaps in the
pitching and rolling directions.
According to the actual ﬂight data of the aerial vehicle, the
aerial vehicle will be disturbed by the external environmental
conditions, such as a crosswind. The disturbance quantity will
cause the airframe of the ducted aerial vehicle to have an
angular velocity of about 10 ()/s. In this circumstance, assume
that the control ﬂaps of the aerial vehicle have reached their
maximum controlling-position for controlling the vehicle.
The state variables Dp= Dq= 12 ()/s and the control vari-
ables Ddc1 = Ddc2 = 12 are substituted into Eq. (30), which
are obtained by ﬂight tests. Then, the conditional expression
of the controllability of the aerial vehicle is resolved to ﬁnd
that
D _p ¼ D _q ¼ 10:5 3698:16dcSc < 0
That is to say,
dcSc > 0:0028
A larger value for dc indicates a closer distance to the bot-
tom of the duct. For convenience when conducting the process
and the experiment, it is best to make dc as large as possible.
Additionally, the increase of dc will enlarge the space for the
value design of aerodynamic chord of control ﬂap. Therefore,
in this paper, the value of dc is set as 0.25 m, and thus the lift
area of the control ﬂap Sc is larger than 0.0144 m
2.
Fig. 9 Flight attitude situation during the ﬂight veriﬁcation
experiment.
Fig. 7 Simulation of restoring tendency after disturbing aerial
vehicle.
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rolling control ﬂaps
The condition set for the simulation experiment is that, when
t= 1.5s, the system is supplied with a certain quantity of distur-
bance to produce an angular velocity of Dp= Dq= 10 ()/s.
Meanwhile, the control ﬂap must make sure to reach the maxi-
mum position in the opposite direction. That is, the controlled
quantity Ddc1 = Ddc2 = 12. The motion states of the model
before and after parameter optimization are shown in Fig. 7.
According to the simulation diagram, with respect to the
model of the aerial vehicle before the optimization, even when
the control ﬂap reaches the maximum steerage, it is still
impossible to prevent the aerial vehicle from deviating from
the equilibrium position, and as time elapses, the instability
phenomenon of the aerial vehicle becomes more and more
signiﬁcant. After parameter optimization, when the control
ﬂap reaches the maximum steerage, the aerial vehicle shows
a tendency towards a stable state, and as time elapses, such a
tendency becomes more and more signiﬁcant. Therefore, it im-
proves the aerial vehicle’s capacity to resist disturbance from
the architectural perspective.
4.3. Flight test veriﬁcation
Flight tests, shown in Fig. 8, are carried out to observe and
verify the overall effect after the optimization of the attitude
control units.
State parameters of the aerial vehicle are sent back using a
wireless module to carry out an off-line analysis. The changes
for one ﬂight are shown in Fig. 9.
According to Fig. 9, the aerial vehicle is able to return to
the stable state gradually when it is disturbed by the external(a) Outdoor (b) Indoor
Fig. 8 Outdoor and indoor ﬂight tests of the ducted fan aerial
vehicle.environment. It means that the design of the control structures
of the aerial vehicle can signiﬁcantly improve the controllabil-
ity of the aerial vehicle.
5. Conclusions
(1) A method that dynamically integrates the structural
design and the control system design of the ducted aerial
vehicle is provided. The aerial vehicle architecture is car-
ried out based on the requirements of the structural
parameters using the control system of the aerial vehicle.
(2) A mathematical model with better controllability using
proper structural design is obtained. Through the ﬂight
test, the accuracy of modeling and identiﬁcation pro-
cesses for this small aerial vehicle is veriﬁed.Acknowledgement
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